In this paper, we present a new approach to geometrical modeling which allows the user to easily characterize and control the shape defined to a closed surface. We will focus on dealing with the shape's topological, morphological and geometrical properties separately. To do this, we have based our work on the following observations concerning surfaces defined by control-points, and implicit surfaces with skeleton. They both provide complementary approaches to the surface's deformation, and both have specific advantages and limits. We thus attempted to conceive a model which integrates the local and geometrical characterization induced by the control points, as well as the representation of the morphology given by the skeleton. Knowing that the lattice of control points is close to the surface and that the skeleton is centered in the related shape, we thought of a 3-layer model. The transition layer separates the local geometrical considerations from those linked to the global morphology. We apply our model to shape design in order to modify an object in an interactive and ergonomic way, as well as to reconstruction which allows better shape understanding. To do so, we present the algorithms related to these processes.
Introduction
In computer graphics, the concept of modeling is fundamental, and has to be dealt with before notions such as visualization, deformation or shape animation. In the case of simple shapes, modeling is not an obstacle. However we must think about the way we represent the shape particularly when the latter presents a high level of details. In such a scenario, the underlying notion of shape description is all the more difficult to implement.
We often come up against the problem of modeling. One type of approach may allow us to reconstruct one class of objects precisely, and another will model a 2 J.-L. Mari & J. Sequeira greater number of classes, but in a rough way. In such circumstances, we then lose the global aspect of modeling, and the existing approaches show their limits: either we have a too global approach, or a too local one.
The approach we propose provides the use of a generic model, whose topology would be adaptable according to the specific problem we encounter. Furthermore, it supplies an exact geometric representation on a local level, without perturbing the global structure. We have attempted to separate the notions of topology, macromorphology (global shape), micro-morphology (details and small variations on the object's surface) and geometry. These notions are supported by a 3-layer model, including a shape descriptor called inner skeleton, and a surrounding deformable skin: the external layer.
In this context, we will limit ourselves to closed surfaces modeling, without any prior assumption on the topology (i.e. shapes said to be complex). The applicative domains that we will develop are interactive shape design and automatic objects reconstruction.
Both applications require the elaboration of two algorithms well adapted to the model we implement. The advantage of this model is the coherence of the processes of design and reconstruction. The strong point is the control on the three notions of topology, morphology and multiresolution geometry.
This paper is divided in five parts. In Sec. 2, we skim over different models' formalizations, and we try to extract the key characteristics of our approach, which are specified in Sec. 3. In Sec. 4, we define the three entities of our model: inner skeleton, external layer, and transition layer. We finally illustrate our approach in shape modeling through a technique based on deformable models in Sec. 5 , and in reconstruction in Sec. 6.
Overview on the Roles of the Skeleton and Control Points

Implicit surfaces and skeleton
In geometric modeling, we usually tend to use the notion of implicit surfaces defined by skeleton and potential function. [1] [2] [3] [4] [5] [6] . They are characterized by a set of geometrical primitives (the skeleton) and a potential function, depending on the distance between points and seeds. The related global surface (1) , for the constant iso, is the isosurface defined by the sum (the blending) of the contributions of local potentials F k applied to the N γ primitives of the skeleton:
The main notion here is the skeleton, which defines the topological and morphological structure of the object. Figure 1 (a) shows a skeleton composed by a triangle and by two segments, and the related implicit surface. 
Advantages
Implicit surfaces with skeleton have two main advantages: first they allow us a global control of the shape, thanks to the skeleton which is globally centered into the object. The second advantage is that the topological prior assumption and the structural information of the shape to model come directly from the skeleton. This allows the user to model complex shapes on a topological level. A simple modification of the skeleton is enough to generate a global deformation of the object ( Fig. 1(b) ).
Limits
However, this approach has several drawbacks. First of all, it is impossible to move on such a surface. We can only know whether we are inside or outside of the volume generated by the surface, or on the surface itself. Then, calculus quickly becomes costly when the number of primitives increases, making real time visualization difficult. Although the kinds of modelizable shapes are infinite in theory, a too large number of primitives (to try to characterize details) becomes an obstacle when it comes to practical applications. These arguments point out to the same problem: it is difficult to have a local control with such surfaces because of the expanding number of seeds. Figure 2 shows a "well characterized" shape, and the same one with small variations which induce branches that are not characteristic of the global shape of the skeleton.
Surfaces defined by control points
Surfaces said to be defined by control points depend on two parameters. They are manipulated according to a set of control points. These points are weighted and act 
Advantages
The control points allow us to have an intuitive and precise appreciation of the shape to model. For this reason in particular, such surfaces are frequently used in CAD/CAM. They allow the user an intrinsic local control on the object. The second main advantage is the ability to move easily on the surface, through the parameterization. Thus, the notions (always very local) of continuity, differentiation and curvature are exploitable in a coherent way.
Limits
Firstly, these representations need to set a prior assumption which is too important on the shape to model: a given parametric model conceived for surfaces homotopic to a sphere will generally be badly adapted to surfaces with a superior number of holes. The second drawback with that kind of representation is that it is difficult to apprehend on a global scale. Indeed, if we wish to deform an initial model to a stretched one, we have to move a set of control points and to verify inducted transformations on the shape. Figure 3 illustrates the difficulty to use the control points to induce a global deformation.
Similar techniques
In this section, we introduce approaches that emerge from the problematics to take into account both global and local characteristics of a 3D object. Although such approaches are not numerous, we can classify the existing ones in three categories.
Refinement techniques based on control points
In the aim to have a multilevel handling on free-form surfaces, 9 developed hierarchical B-splines (H-splines). A subdivision process can be used to build local details on an initially rough surface. This refinement technique allows us to come across classical points addition, which increases considerably the number of control points. The H-spline solution also permits us to have several levels of detail.
The simplex meshes are a good alternative to triangulation representations.
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Such a mesh is said to be a k-simplex mesh if the points are (k + 1)-connected. Operators allow us to modify the topology and the geometry to increase the mesh resolution, and reconstruction algorithms can be adapted to this approach. However, although these techniques are interesting on a geometrical level, they do not provide topological and morphological descriptors.
Enhanced implicit methods
Among implicit techniques with skeletons, several take into account the local control on a 3D shape, via extended features.
The skins approach is located on the boundary of implicit techniques, multiresolution meshes and subdivision surfaces.
11 It is about a surface representation that lies on a particle-like model, used to sculpt free-from shapes interactively. These particles are constrained to maintain the mesh connected. This skin surrounds a set of skeletal primitives, to give a smooth surface through subdivisions. This approach can handle sharp edges. Local geometric details are added by subdividing the skeleton and by creating new primitives. However, performances are slowed down by the surface's definition by skeleton, and the topology can degenerate during the design of the shape, by doing self-intersections on the skin level. In spite of the multiresolution feature, this technique does not really permit to split the geometrical representation and the shape description (because the geometry is still defined by the skeleton, which grows when the level of detail increases).
To the same mind, the approach proposed by Ref. 12 is based on an implicit model with subdivision-curves skeleton. It is about an interconnected graph of curves, which generates an implicit surface by convolution (to avoid bulge problem). Increasing the level of detail amounts to subdivide the skeleton on particular points.
Multiresolution approaches
Multiresolution techniques are frequently used according to the complexity of the geometrical details and the size of the data. Most of the time, it consists in representing the object within several levels of detail. The existing approaches can supply pyramidal structures, 13 
22,23
In this frame, the formalism of subdivision surfaces is increasingly used, as it presents a powerful multiresolution feature. It first appears following to the work of Refs. 24 and 25, and it is nowadays used into a large panel of applications in computer graphics.
An interesting compromise
The implicit modeling approach shows that instead of considering the skeleton's instability, we should take into account that it is not well adapted to surface phenomena, but rather to shape description.
The second approach provides a very good control on differential properties, but hardly on topology and morphology.
We can then put forward the following relevant remarks:
• It should not be the role of the skeleton to take into account local variations on the surface, and yet its mode of computation and even its definition encourage it.
• It should not be the role of the control points to take into account global deformations depending on the structure. But the first modeling approach forces us to do so (through management attempts on an upper level of control point subsets).
We need a model which integrates the global and local characteristics of these two approaches.
Multi-Layer Model's Principle
Aims
In the frame of our work, we define an object as a closed oriented surface, n-holed and embedded in R 3 . When this definition is restricted to Z 3 , we call it a discrete object.
We can define the aims of our modeling approach in two points:
• We want both the global structure and the boundary surface (which is enough for the entire description of the shape, but is neither efficient nor convenient), • We want to detach the surface representation from the global shape's.
The double local and global characterization of the shape is the fundamental component which allows us to solve a lot of common problems for the modeling of complex shapes. It has to be intrinsic to the model.
Characteristics
Overview of the three layers
Our model consists of three layers (Fig. 4 ):
• The first layer, the more internal one, that we call inner skeleton (layer L I ). It defines the global structure of the shape, on topological and morphological levels.
• The external layer (layer L E ) which characterizes local variations of the shape's surface, regardless of the skeleton.
• The transition level L T which represents the articulation between the internal and external layers. The goal of this split between local and global characterization is that the local perturbations on the surface do not deteriorate the global shape descriptor which is the inner skeleton, and that the transformations on the inner skeleton are propagated on the external layer.
The structure on the external and transition layers is a triangulation; the inner skeleton is a complex because it does not have to be a manifold (a complex is any topological space that is constructed out of vertices, edges, and polygons by topological identification).
The notion of surface is not linked to an analytical (parametric or implicit) expression anymore, but is defined by topological, morphological and geometrical properties.
These three notions are independent and controlled by the three layers; we do not consider the object only from a geometrical aspect to deduce its topology (example of parametric surfaces).
The table below illustrates the importance of notions such as topology, morphology and geometry through out the layers:
.2. Geometrical multiresolution
Moreover, according to the complexity of the local variations, and to the size of the data, some approaches exist that permit to represent an object on many levels (multi-scale, 31,32 subdivision surfaces 24, 33 ). Thus, we would like a model which takes into account several levels of details. This multiresolution feature is supported by the external layer L E which can be defined by the k-
, the highest level of details being the kth.
Shape description and morphology
Contrary to notions like topology or geometry, the concept of morphology is subjective, and can be perceived by an automated process with difficulty. A good shape descriptor is hard to obtain because the gap between a local geometrical detail and a characteristic shape can make the process diverge. For example, a classical skeleton such as the medial axis of an object needs to be strongly reduced before being considered as a relevant descriptor of the shape. On the opposite, a shape descriptor cannot just take into account the topology of an object (Fig. 5 shows three genus 1 objects different morphology). It is the reason why we will adopt a semiautomatic process to detect the major shapes within an object. The user has to interact with the process to determine the global appearance of the shape.
Proposed Model
Inner skeleton
This term belongs to implicit surfaces vocabulary, with reference to those defined by skeleton and potential function. It does not have the strict usual meaning which is the set of maximal balls' centers, 34, 35 but remains an entity globally centered into the object. The inner skeleton L I holds the notion of homotopic kernel. It has the same topology the shape has, but moreover it has to give a good morphological initialization for the surrounding layers. We call this notion the macro-morphology because it does not take into account the details on the object's surface (by opposition to the micro-morphology). The predominant concepts for the inner skeleton are the topological control and the shape description.
We define the inner skeleton L I on a structural level as a set of triangles, segments and points (it is the only non-manifold entity of the model, but it really is a complex). The edges define the connectedness relations between vertices. The triangles should not be confused, on a topological level, with a set of three connected edges because the latter define a holed surface (change of homotopy). For example if we consider the points embedded into a cubic grid (Z 3 ), a point in the 26-neighborhood of another one will be connected by an edge (a segment for the inner structure). If three neighbors are connected, we obtain a triangle (Fig. 6) . A cycle of edges defines a one-holed surface. Figure 7 (a) shows a 2D example of a shape and its inner skeleton.
External layer
The external layer L E is a triangulation. Its role is to represent details and small variations. It is a "controllable crust" thanks to the vertices of the mesh (notion of control points used in Sec. 2.2). The strong structural prior assumption being induced by the inner skeleton, morphological adjustments and the geometrical characterization are the vocation of this layer ( Fig. 7(b) .
Multiresolution
This layer can be enriched with a multiresolution feature. Considering L 100% E the maximal level of details for this layer, the resolution levels are defined by L r% E , with 
Transition layer
The transition layer L T represents an intermediate geometrical level and a structural entity which makes the link between the global definition and the local characterization of an object. The inner and external representation levels are both as important and we want to characterize the articulation between them.
In the geometrical frame, we define the transition layer as an intermediary triangulation between the two other entities. It induces a structure link allowing us to go from one layer to another (i.e. an element of the external layer can refer to an element of the inner layer and vice versa). The underlying graph linking the two layers allows us to set coherent relations within the object. The edges of this graph are defined by the shortest distance criterion, which amounts to computing the Voronoï cells centered:
• Either on the vertices of L T for the links between L T and the external layer L E , • Or on the vertices of L I for the links between L T and the inner skeleton L I .
In the first case, we arrange, according to the cells, the vertices of L E ; in the second case, the vertices of L T (see Fig. 8 ).
Furthermore, we set the equality L T = L rmin% E between the transition layer and the minimal resolution level of the external layer. The fact that L T is the most simplified level of L E provides a natural evolution from the transition layer L T to L 100% E by refinement (in the design process Sect. 5), or from L 100% E to L T by mesh reduction (in the reconstruction process Sec. 6).
Unicity of the three layers
The model does not provide the mathematical unicity of the 3-tuple (L I , L T , L E ), because several layers lead to the same topological, macro/micro morphological and geometrical descriptions. According to the simplification method and to the chosen parameters, the induced triangulations are different. For example, in reconstruction there is not one and only one way to triangulate a given cloud of points. However, we have unicity of the topology induced on each layer for a given object. Even if a hole can be geometrically defined by 4 or 13 edges for example (the geometry of the inner skeleton is not unique), it is still a genus one object (same topology). We shall then introduce the notion of equivalence relation between several 3-tuples to a, b, c, d) show the way the links between the transition layer and the external layer are created. It amounts to cutting the space along the Voronoï cells centered on the vertices of L T . We do not proceed to the cells computation because it is very costly, so we just apply the shortest distance criterion, which comes down to considering and flagging each vertex of L E . This is done for each vertex of L T . The couples of vertices we then obtain define the links between L T and L E . (e, f, g, h) show the same process, but for the links between L T and the inner skeleton L I . define a single object. The main idea is that one skeleton can define one and only one topology for the related object.
Using this Approach in Shape Modeling
Algorithm
The process to design a shape with our 3-layer model is divided in five steps, starting with the inner skeleton and ending by the external layer. 
Description of the algorithm
(1) The first step is the interactive sketch of the inner skeleton (Fig. 9 ) in order to set the global shape and the topology of the object. This is done into a cubic grid (for the rubber ring, we worked into a 16 3 grid) by picking points which are automatically linked with edges or triangles according to their 26-neighborhood (cf. Sec. 4.1). The triangles which intersect with others are then removed. We get the non-manifold inner structure L I on which the other layers are built. (2) To obtain the transition layer, we generate an implicit surface composed by a blending of blobs centered on the points of the inner skeleton ( Fig. 10(a) ). The radius of each blob is half the edge's length of an elementary cube of the grid, so that when two points are neighbors, the two related blobs are joined. (3) We then sample points on this surface. The points are obtained by taking intersections between the implicit surface and rays (traced with a uniform step) from each vertex of the inner skeleton. We triangulate these points using the Cocone module 36 (this algorithm guarantees that the output surface is homeomorphic to the original surface, assuming that the density of the sample is sufficiently high) and we simplify it (cf. Sec. 4.2) until the step before the mesh becomes non-manifold. We get the geometrical structure of the transition layer L T (Fig. 10(b) ). In our case, the number of points N of L I . We then have a coherent way to go from the layer L E to the skeleton L I , the link between the geometrical characterization and the topological structure being assumed by the underlying graph to L T . Figure 10(f) shows the 3-layer rubber ring.
During this process, human intervention appears in steps 1 and 4. Figure 13 illustrates the entire design process for another object: a character. To model the shape, we start from the interactive sketch of the global shape to produce the inner skeleton [ Figs. 13(a) and (b) ]. Then the surrounding implicit surface is automatically generated from the skeleton [Figs. 13(c) and (d) ]. The transition layer is obtained by simplifying the implicit mesh ( Fig. 13(e) ). At this point begins the local handling stage. The Figs. 13(f), (g) and (h) show the first refinement level, and the first manipulations of the external layer. The muscles start to be defined. Then, we add more details on this mesh [Figs. 13(i), j and (k)], and we draw stylized hair on the head (as seen on the Figs. 13(l), (m), (n) and (o)). The Fig. 13(p) shows the final external layer of the object, with all the local variations and local details. 
Multiresolution Approach Exploiting this Model for Reconstruction
In this section, we describe how we apply the 3-layer approach for the reconstruction of an unorganized cloud of points. This consists of two independent steps: the extraction of the inner skeleton and the characterization of the crust (from the external layer to the transition layer). The goal is not simply to characterize the boundary of the shape with the external layer. Even if it is sufficient to represent the related solid, we want the topological and morphological descriptor of the object.
Algorithm
(1) Extraction of the inner skeleton 
Extraction of the inner skeleton
(1) We start with the cloud of points (Fig. 11(a) ) that we embed into a digital volume (i.e. a set of voxels included into a cubic grid). For the example of the Stanford Bunny, the cubic grid is 64 × 64 × 64. The crust (the boundary of the digital volume) is obtained by setting to 1 each voxel of the grid which contains points of the cloud. Assuming that the sample is sufficiently dense, i.e. the boundary points are not separated by a distance up to the size of one voxel, we get a discrete surface of the object. Then we propagate the "0 voxel value" information starting from a corner of the volume's bounding box. All the remaining voxels (which have not been flagged because of the crust) are set to the 1 value to define the digital volume ( Fig. 11(b) , and we eliminate the leaves (level 6) and less refined elements (levels 4 and 5). To preserve the topology (in the case of holed surfaces), we couple this reduction with a peeling algorithm usually applied to skeleton extraction within digital volumes. 38, 39 The modified algorithm evolves within the octree and consists in removing all the simple elements, from level 6 to level 4. An element of the octree is said to be simple if removing it from the structure does not change the topology of the object, considering the 26-neighborhood generalized to the octree (two elements are neighbors if their related cubes are in contact by a side, an edge or a vertex). We obtain a structure close to the homotopic kernel of the shape. The peeling algorithm is morphologically enhanced by an ending points criterion. Elements having less than 4 neighbors (in level 4) are flagged not to be removed. This induces morphological branches, because the elements on the path between ending points and kernel structure (level 3) are not simple (Fig. 11(e) . (4) This resulting octree structure is converted to a set of edges and triangles (as in Sec. 5) using the generalized neighborhood. The vertices of the inner skeleton (which is composed of 24 remaining items for the bunny) are the geometrical centers of the octree elements ( Fig. 11(f) ). The inner skeleton extracted is then homeomorphic to the shape, and provides a good morphological description.
External and transition layers
The finest geometrical characterization of the external layer L 100% E is a classical triangulation of the data points ( Fig. 12(a) ). We used the Cocone module described in. 36 It provides the homeomorphism between the output surface and the original surface (cf. Sec. 5). The design process applied to a character. We start from the interactive sketch of the global shape to produce the inner skeleton (a, b). This first entity has to describe the global shape and the topology of the object (a genus 0 surface). Then the surrounding implicit surface is automatically generated from the skeleton (c, d). The transition layer is obtained by simplifying the implicit mesh (e). This mesh is a rough description of the object, it is the first surface approximation of the model. At this point begins the local handling stage. The Figs. 13(f), (g) and (h) show the first refinement level, and the first manipulations of the external layer. The muscles start to be defined. Then, we add more details on this mesh [Figs. 13(i), (j) and (k)], and we draw stylized hair on the head (as seen on the Figs. 13(l), (m), (n) and (o)). The Fig. 13(p) shows the final external layer of the object, with all the local variations and local details. We assume it to be the highest geometrical level of resolution.
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points and triangles for some reduced meshes of the bunny, until L 1% E which is the last step before the triangulation becomes non-manifold (Fig. 12(e) ). As in this section we go from the external to the transition layer, we set L T = L 1% E to define the geometrical characterization of the transition layer. All the mesh simplifications were done using QSlim module. For a coherent correspondence between the two local and global levels, the links of the transition layer are done like in Sec. 5, to match the vertices of each external layer L r% E to those of the inner skeleton. This ends the reconstruction process.
Discussion
The main aims of these two applicative domains are animation (concerning shape design) and shape analysis (for the reconstruction). This can easily be implemented with such a model because global deformations are supported by the inner skeleton. About reconstruction, the shape understanding could be done by matching inner skeletons of several objects. Figure 14 shows the reconstruction process for a more complex shape: a dragon. This object has one hole, as it can be seen on the extracted inner skeleton (which is homotopic to the starting shape). The original cloud has 44 315 data points. The triangulation produces 87 141 triangles. After the simplification process, and to obtain the transition layer, 108 points and 216 triangles remain.
Example with a one-holed object
Conclusion and Future Work
We have presented a modeling approach which aims to integrate the double characterization (local and global) of a 3D object. In addition to the surface characterization defined by the external layer, we have a structural information on the shape, with topology preservation.
We defined the notion of intermediate layer to establish a relevant structural transition. It is possible to move from the inner skeleton to a geometrical resolution level thanks to the induced graph structure.
Moreover, we have presented shape design and reconstruction methods based on this model.
We still have to think about several points which we feel necessary to be dealt with as future work: • Besides the surface representation, the main functionality of our approach is the shape understanding. This could permit to implement shape analysis modules (for acquisition systems, robotics. . .); • The external layer design has to be enriched with high-level operators (for example to pull vertices areas, in the local or global scale). In order to have a multi-level refinement, we think about adding subdivision surface features; • Although the strong constraints (topological and morphological) on the external layer are given by the inner skeleton, we could consider secondary constraints which provide the model coherence during the design process (Step 4); for example when moving a point of the triangulation L E , we must check if it does not go out of its Voronoï cell to avoid topological degenerations; • Going further, the classification of the transition and external vertices has to be improved when moving the inner skeleton, to avoid changes of topology or to control them; • Since the levels of detail have a hierarchic structure, this model could be particularly adapted to fast communication of complex 3D objects, with or without the loss of detail information.
